ABSTRACT: Although the role of 3,4-dihydroxyphenyl-L-alanine(DOPA)in mussel foot proteins (mfps) in the realization of underwater bonding has been widely recognized, the role of the polarity of the polymer was largely overlooked. Here, by systematically comparing the underwater bonding properties of four mussel-inspired adhesives with different amide/lactam contents but similar catechol contents and molecular weights, we came to the conclusion that the polarity of the polymers also contributes to the strong underwater bonding. With the increase in the amide/lactam contents, the polarity of the polymeric adhesive increases, which correlates to the improved underwater bonding strength. A dielectric constant is introduced to evaluate the polarity of the polymer, which may be used as a guidance for the design of mussel-inspired adhesives with even better underwater bonding properties.
■ INTRODUCTION
Inspired by mussels that could attach themselves onto rocks even under turbulent marine environments, much work has been devoted to explain the underwater bonding mechanisms. 1−6 It was disclosed that the strong underwater adhesion ability of mussel comes from the mussel foot proteins (mfps), 6 a group of proteins secreted from mussels byssus rich in catecholic amino acid 3,4-dihydroxyphenyl-L-alanine(DOPA). Among them, mfp-3 and mfp-5 play the most important role in underwater bonding. 7 Both mfp-3 and mfp-5 are small proteins (with molecular weight around 5.3 and 9.5 kDa, respectively). 7 It is astonishing that high underwater bonding strength could be achieved via proteins with such a small molecular weight. Although the true mechanism is still quite vague at this stage, it is widely accepted that the catechol moiety on DOPA residue is vital in realizing underwater bonding, due to its strong chelation ability toward metal oxides, 8 H-bonding formation ability and ease in undergoing oxidation/covalent cross-linking under basic conditions. 9 More recently, the synergic effect of the amino group on lysine residue was also discovered, and it was found that the amino group could evict the hydrated cations from mineral surfaces, which facilitates the coordination of catechol moiety onto the surfaces. 3 The influence of the hydrophobicity on the oxidation potential of DOPA hence to underwater adhesion was also discussed.
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synthetic polymers such as polyurethane 12 have been used as the backbone for mussel-inspired adhesives, the most commonly used ones are polyacrylates/amides 2,13−17 and polystyrene. 18−20 Some of them achieve quite high bonding strength at dry conditions and elevated temperature; 15,19−21 however, to realize strong underwater bonding is still a challenge and is much less reported. A typical example is that polystyrene-based mussel-inspired adhesive exhibited a bonding strength up to 11 MPa when cured at 65°C, while its analogue (with charged amino group on the side chain) only exhibited a bonding strength around 0.4 MPa when tested under water. 18, 20 Polyacrylate/amide based mussel-inspired adhesives has been applied to nanofabricated pillars and exhibits reversible underwater attach/detach capability, 13 and later been used in a complex coacervate in underwater adhesion, but has not been evaluated as a single component for underwater bonding. 16 ApApparently, the much weaker underwater bonding strength compared with that at dry conditions reminds us that although the catechol moiety is the major reason for realizing underwater bonding, other factors should also be considered to further improve the underwater bonding capability of the musselinspired adhesives. More recently, one report addressed that the balanced hydrophobic/hydrophilic and cationic/anionic units in the local environment of mfps might influence the underwater adhesion. 2 The acrylate-based copolymer designed via this strategy exhibited stronger underwater adhesion to mica surface than mfp-3 with a low molecular weight around 3 kDa.
We are now trying to evaluate the possible contribution of the polarity of the polymeric adhesive on the underwater adhesion ability. All mfps are connected amino acid residues via amide (peptide) bonds, regardless of whether these residues are hydrophobic or hydrophilic, polar or nonpolar, cationic or anionic. The polar amide bond and its ability to form Hbonding may also help to enhance the interaction between mfps and surfaces, which might also be important in realizing underwater bonding. Thus, mussel-inspired adhesives with different amide/lactam contents might exhibit different underwater bonding capability. However, such a plausible contribution was not systematically compared in previous studies. Although many polymers with catechols attached to various backbones have been reported, it is hard to directly compare their underwater bonding properties and evaluate the contribution of the polarity of the polymers due to their different molecular weight, different catechol content and different test methods. We now systematically varied the polymeric structures (shown in Figure 1 ) and investigated their influence on underwater bonding. Four kinds of musselinspired adhesives with different structures: polystyrene-based (I), poly(acrylate-co-acrylamide)-based (II), polyacrylamidebased (III) and poly(N-vinylpyrrolidone) (PVP)-based (IV) with similar catechol moiety contents and molecular weights were synthesized and compared. It was found that with the increase of amide/lactam bond content in the polymer, the underwater bonding strength increased almost five times (from ca. 0.2 to 1.0 MPa). We found that there are trends that correlate the polarity of the polymer with the underwater adhesion ability, which might cast a light on the design of novel mussel-inspired adhesives with even stronger underwater adhesion property.
■ EXPERIMENTAL SECTION
Synthesis of Polymers I−IV. The syntheses of polymer I and II were carried out according to the reported work. 13, 18, 22 Polymer III was synthesized from N-(methoxymethyl)methacrylamide(MMA) and N-(3,4-dihydroxyphenethyl)methacrylamide(DMA) via azobis-(isobutyronitrile) (AIBN)-initiated radical polymerization reaction. Adhesion Experiments. Glass and aluminum (Al) were selected as the adherend for lap shear test. Glass slides (10 × 2 cm 2 ) were activated by soaking in a 2-propanol/KOH bath for 30 min followed by rinsing with water and ethanol and then dried before use. Al slides (10 × 2 cm 2 ) were polished, washed with water and ethanol, and dried before use. The adhesion tests both at under-seawater conditions and under dry conditions were carried out at room temperature. For under-seawater bonding, the adherends were first immersed into seawater, then a certain amount of the corresponding copolymer solution prepared in dichloromethane/methanol (DCM/MeOH) was spread on one of adherend with an area of 2 cm 2 using a syringe (the relationship of dosage and concentration of polymer solution was shown in Table S1 ). The dosage of the polymers was fixed at around 5 mg/cm 2 .The ends applied with the adhesives were overlapped with the other adherend, and at the same time, 20 μL of FeCl 3 solution in MeOH was added into the interlayer. Then the two ends were immediately fastened with two binder clips, and cured in seawater at room temperature for 24 h. The molar ratio of catechol to Fe 3+ was 3:1 according to the reported results. 23, 24 All the operations mentioned above were finished at under seawater. For adhesion at dry conditions, the surfaces of adherends were kept dry in all cases at room temperature. Lap shear adhesion measurements were conducted on a universal material testing system. Two soft Al sheets were bonded on the glass adherends using Krazy Glue before test. Adherends were pulled apart at a rate of 10 mm/min. At least five samples were measured for each test and the average value of the bonding strength was adopted, with the error bar showing the maximum deviation of the measured data. For aluminum substrates, it must be mentioned that the polymer in these experiments is actually interacting with alumina, because aluminum, when exposed to air, will rapidly develop an oxide layer to become alumina. Hz to 1 × 10 7 Hz. The influence of stray capacitance and boundary compensation was deducted.
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Dynamic Mechanical Analysis (DMA). Dynamic mechanical analysis (DMA) of the samples was conducted on a dynamic mechanical performance tester (SDTA861e, Mettler Toledo, Switzerland). The samples for DMA tests were thin films casted from the polymer solution. Four polymers were dissolved in DCM/MeOH to form a highly viscous solution separately. The solution was spread onto a PTFE dish and the solvent was evaporated with an air flow at 0.3 m/min flow rate. The dried polymer films were cut into rectangle samples with 3 mm width and 2 cm length before test. However, the film obtained from the polystyrene-based biomimetic polymer was too brittle to be suitable for DMA test. During the test, the sample was heated at a heating rate of 1°C/min in a temperature range of −25 to 65°C and its response was recorded at a frequency of 1 Hz. DMA results of the other three polymers were obtained and compared.
SEM Measurement. After lap-shear test, the adhesion section of the glass slides was cut into 1 cm × 1 cm square samples for SEM test. Before test, the samples were mounted onto metallic stubs, and sputtered with gold twice in an ion-sputtering device. Measurements were carried out in a JSM-7500F Scanning Electron Microscope with an acceleration voltage of 3.0 kV. The test was in low magnification. And the work distance is 11.0 mm.
■ RESULTS AND DISCUSSION
In our previous work, we had developed a mussel-inspired adhesive based on PVP backbone grafted with pendent catechol groups via click-chemistry, which exhibited excellent bonding strength up to 1.6 MPa when applied to wet surface and cured under water. 25 However, its low solubility (≤0.1 mg/mL in DCM/MeOH, a binary solvent system) prohibits its direct underwater application, since the low viscosity of the formed solution makes its underwater deposition on the adherends impossible. We reasoned that the triazole group formed via click chemistry was one of the reasons accounting for its low solubility. Also, the contribution of the triazole group in underwater bonding could not be ruled out due to its strong coordination effect. Thus, to evaluate the contribution of lactam-containing repeating units in PVP in underwater adhesion, a new PVP-based mussel-inspired adhesive ( Figure  1 , IV) was synthesized (see the Supporting Information for synthetic details). To our delight, the solubility of polymer IV in DCM/MeOH increased to around 1.0 g/mL, allowing the formation of a viscous solution that could be directly applied to various surfaces underwater. For comparison, several other mussel-inspired adhesives were also synthesized (polymers I− III). It should be noted that although polystyrene-based adhesive I and poly(acrylate-co-acrylamide)-based adhesive II have been synthesized by several research groups, 13 ,19 a systematical comparison on their underwater adhesion property has not been made before. Polymer III with all amide-bondcontaining repeating units, was also synthesized to investigate the influence of the increase of amide bond content on the underwater bonding properties. For consistence, polymers I− IV with very similar molecular weights (around 13.5 kDa, verified by GPC analysis) and catechol contents (20 mol %, verified by NMR analysis (the 1 H NMR spectra and the calculation are shown in the Supporting Information)) were used for comparison (Table 1) . Such molecular weights and catechol contents were selected based on the molecular weight of mfp-5 (∼10 kDa) 7 and the average content of DOPA residues in mfps (∼20 mol %). 26 Polymers I, III, and IV are obtained as powders, whereas polymer II is a rubberlike viscoelastic solid.
Very interestingly, although all four polymers have very similar molecular weights and catechol contents, they exhibit drastic difference in their solubility, reflecting the influence of the type of the repeating units in the polymer backbones on the polarity of the polymers. Polystyrene-based adhesive I could be easily dissolved in many common organic solvents such as acetone, tetrahydrofuran, DCM, and ethyl acetate. Ppoly-(acrylate-co-acrylamide)-based adhesive II can only be dissolved in polar solvent such as acetone, chloroform, MeOH, Nmethyl pyrrolidone (NMP), dimethyl sulfoxide (DMSO), and dimethyl sulfoxide (DMF). With the further increase in amide bond content, polyacrylamide-based adhesive III and PVPbased adhesive IV could only be dissolved highly polar solvents such as DMSO and DMF. A binary solvent system consisting of DCM/MeOH with adjustable polarity, was selected to dissolve the polymers I−IV for underwater bonding tests, because the high boiling point and water-soluble solvents such as DMSO and DMF are not suitable for the solidifying and sizing of underwater adhesives. The volume ratio of DCM/MeOH was adjusted according to the polarity of the polymers, (V DCM :V MeOH = 3:1) for polystyrene-based adhesive I, and (V DCM :V MeOH = 1:1) for the other three polymers.
It should be mentioned that various techniques such as single molecular force spectroscopy (SMFS), 27 atomic force microscopy (AFM) integrated with optical microscopy, 13 quartz crystal microbalance, 28, 29 and surface force apparatus (SFA) 30 were used to evaluate underwater/wet adhesion properties in nanoscale. Microscale (in millimeters) reversible adhesion evaluation has also been applied.
14 Although these methods provide important information at microscopic and molecular level, the lap-shear tests of the underwater bonded adherends are equally important since it provides the practical evaluation gauge for underwater adhesion. 17, 18 Thus, with the four polymeric adhesives in hand, we systematically tested their underwater bonding properties using the lap-shear method.
Specifically, the underwater bonding tests were conducted on two different surfaces: glass and Al foil. The substrates were cleaned before use. All the operations were finished under seawater. The adherends were placed under seawater, then a certain amount of the corresponding polymer solution in DCM/MeOH was spread on one of adherend with an area of 2 cm 2 using a syringe, as illustrated in Figure 2a . The end of the adherend applied with the adhesives was overlapped with the 
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other adherend, subsequently a certain amount of FeCl 3 solution in MeOH was added into the interlayer. The adherends were fastened by two binder clips and cured under seawater at room temperature for 24 h before tests. For comparison, the bonding strength of the four adhesives at dry conditions were also tested, using the same dosage of the adhesives and cross-linker (FeCl 3 ) as that for underwater tests. The results for underwater bonding strength are shown in Figure 2b . Polymer I, with the nonpolar styrene repeating units, exhibits the lowest average underwater bonding strength (0.18 MPa) on Al substrate. Polymer II, with 20 mol % amidecontaining repeating units and 80 mol % ester-containing repeating units, is more polar than polymer I, and exhibits better average underwater bonding strength (0.36 MPa) on Al substrate. Polymer III, with all amide-containing repeating units, is theoretically even more polar than polymer II, and boosts the average underwater bonding strength on Al substrate to 0.57 MPa. Polymer IV, with all lactam-containing repeating units, shows the best average underwater bonding strength of 1.02 MPa on Al substrate, which is five-times stronger than that of polymer I.
Similar trend is observed for underwater bonding on glass substrates, with 1.13 MPa average bonding strength for polymer IV, which is almost four-times stronger than that of polymer I (0.32 MPa). Given that the catechol contents and the molecular weights of all four polymers are very similar, we can conclude that the polymer backbone does contribute to underwater bonding strength. It is worth to mention that the above bonding process were carried out under seawater instead of under deionized (DI) water, which exhibited better bonding strength, presumably due to the complexation of the polymers with the metal ions presented in seawater and the slightly basic conditions that might accelerate the oxidation of catechol moieties. For comparison, adhesion test results under DI water are given in Figure S10 , where the same bonding strength evolution trend was observed.
The comparison between the underwater bonding strength and bonding strength at dry conditions (shown in Figure 2c ) is very instructive. Again, polymer I exhibits the lowest average bonding strength (0.42 MPa) on Al substrate, but almost two times stronger than that at underwater conditions. Both polymer II and III exhibit a high bonding strength around 1.0 MPa (0.90 MPa for polymer II and 1.01 MPa for polymer III, respectively), which is also around two times stronger than that at underwater conditions. Polymer IV, on the other hand, shows an average bonding strength of 1.10 MPa, only slightly higher than that at underwater conditions (1.02 MPa). With regard to the bonding strength on glass substrate, the average underwater bonding strength (1.13 MPa) of polymer IV is even higher than that at dry conditions (0.92 MPa). We can safely make the conclusion that polymer IV exhibits very strong underwater bonding strength comparable to that at dry conditions, whereas the other three polymers generally show much lower bonding strength at underwater conditions than at dry conditions. It is worthwhile to mention that although polymer III consists of all amide-bond-containing repeating units, which at the first glance is similar to the all lactam-bond containing repeating units of polymer IV (in terms of similar polarity of the amide and lactam bonds), it shows weaker underwater bonding strength than polymer IV, reflecting that the subtle change of the polar bonds may have great influence on underwater bonding.
It should be mentioned that the reliability of average bonding strength of four different polymers in all three (under seawater, under DI water and dry) conditions were tested by one-way ANOVA analysis, and the results were shown in Table S2 . It showed that there is statistical difference (P < 0.05) between the average bonding strength in three test conditions for all the polymers. In ANOVA analysis, it is assumed that if there is no influence of polymer polarity on the adhesion strength, there should be no significant difference between the model mean square and error mean square. As can be seen from Table S2, 
the error mean square (in 1 × 10 −3 to 1 × 10 −2 range) is much less than the model mean square (close to 0.5), which means that polymer polarity is a notable factor. Also, F value is used to assess whether the expected values (bonding strength) of a quantitative variable (polarity) within the four predefined groups (four polymers) differ from each other. The F values calculated from all samples are significantly higher than 1, which again supports that the polarity of the polymer does have effects on the bonding strength.
The underwater bonding strength increases with the increase of the amide/lactam bond content, which indicates that there might be a correlation between the polarity of the polymer and underwater bonding. The solubility of the four polymers in different solvent systems gives an intuitive estimation of the polarity of these adhesives, in the order of I < II < III < IV; however, more solid proof is needed. Hence, the dielectric constant (ε), which is directly correlated to the polarity of materials, 31 is used to evaluate the polarity of the four polymers. Normally, ε of a material could be determined by measuring the capacitance and resistance change of the material under AC sinusoidal voltage, which provides not only the real part of electric constant (ε′), but also the imaginary part ε″. 31 The dielectric constant of polymer I−IV were measured on a Novocontrol Alpha Dielectric Spectrum Tester at 25°C and atmospheric pressure, in the frequency range from 1 × 10 −1 Hz to 1 × 10 7 Hz. Samples of polymer I, III, and IV for tests were compressed plates (1.0 mm in thickness and 10.0 mm in diameter) made from powders, whereas samples of polymer II are plates with the same size but made from the viscoelastic solid. The results are shown in Figure 3 . For simplicity, ε′ measured at 1 × 10 1 Hz could be considered as the real dielectric constant ε*, because ε″ at this frequency is much smaller than ε′. Polymer I exhibits the lowest ε′ (1.4 at 1 × 10 1 Hz, as shown in Figure 3a) , and polymer IV exhibits the highest ε′ (3.3 at 1 × 10 1 Hz), whereas polymer II and III exhibit a dielectric constant in between, but much closer to the ε′ value of polymer I.
The much higher ε′ value of polymer IV compared to other three polymers is very interesting, which might contribute to the high underwater bonding strength of polymer IV. We noticed a relaxation peak of dielectric loss ε″ of polymer IV appears at high frequency of 1 × 10 4 to 1 × 10 6 Hz, and as a consequence, an obvious drop in ε′ value is recorded, which makes the ε′ value closer to that of polymer II and III. Such a dipole relaxation process is not observed for the other three polymers, as shown in Figure3b. These evidence indicate that there is a specific dipole moment related to the lactam containing repeating units, which does not exist in other three polymers. This dipole moment displays a relaxation process with the relaxation time (τ) of 2 × 10 −6 s approximately at room temperature, which contributes to the high ε′ value of polymer IV at low frequencies.
However, the measured ε values of polymers II and III are a little bit confusing, because polymer II exhibits a higher dielectric constant (1.8) than polymer III (1.6), which conflicts with the widely accepted knowledge that amide bond is more polar than ester bond and the fact that that polymer II could be dissolve in less polar acetone (ε* 20.7) but polymer III could only be dissolved in more polar solvents such as DMF (ε* 38.3) and DMSO (ε* 47.2). We reasoned that such a deviation might be arisen from the deferent sample preparation methods. Polymer II, as depicted before, was obtained as a viscoelastic solid when precipitated out from the polymerization solution. This made its purification much more difficult than the other three polymers, which exist as powders that could be easily purified. May the existence of polar impurities (such as trace amount of polar solvent such as DMF that was used in polymerization) influence the final outcome of the dielectric constant tests. The overall trend though is as we expected, that is, the underwater bonding strength increases with the increase in polarity of the polymer, as shown in Figure 3c .
The measured dielectric constants reflect the contribution of the polar bonds in the repeating units to the polarity of the whole polymer, given that the contribution from catechol 
groups in four polymers is similar, since all four polymers have similar catechol contents. We speculate that the interfacial interaction of other functionalities in the polymers to surfaces also contributes to the realization of strong underwater bonding, since the polar−polar interactions and H-bonding between the those functional groups and the attached surface could not be ignored. Previous reports already verified that the higher polarity of polymer can lead to stronger H-bonding. 32 Very interestingly, the dielectric constant of glass and Al 2 O 3 (the surface of Al is always covered by a layer of Al 2 O 3 ) is around 3.8 and 4.5, respectively, which matches quite well with the dielectric constant of polymer IV (3.3). We also test the bonding strength of the four polymers on PTFE, a substrate with a very low surface energy, and the results were shown in Figure S11 . A similar trend was observed for underwater bonding on PTFE substrates, with an average bonding strength of 24.4 KPa for polymer IV, which is very high for a lowsurface-energy substrate.
To further evaluate the contribution of the polymer backbone in underwater adhesion, we conducted dynamic mechanical analysis (DMA) tests. Unfortunately, polymer I with polystyrene backbone was too brittle to obtain a film suitable for DMA test, so only the results from the other three polymers were compared, as shown in Figure 4a . Polymer IV shows the lowest loss modulus E′, indicating that the interaction of polymeric backbone (such as polar−polar interaction and H-bonding) of polymer IV was stronger that polymers II and III, which is in accordance with the higher cohesion when being used as the adhesive. Meanwhile, polymer IV exhibited the highest glass-transition temperature (T g ), as shown by the tan δ−T curves, presumably due to the stronger interchain interactions existed between the polymer chains. Furthermore, tan δ−T curves also provides useful information about the inter energy dissipation inside the polymers. With the increase in amide bond contents from polymer II (20 mol %) to polymer III and IV (100 mol %), the peak value of tan δ decreased, whereas polymer IV showed the lowest value. This result indicates that with the increase in the polarity of the polymer, the interaction between the polymers chains became stronger, which made the movement of the chain segment more difficult. On the other hand, the loss modulus E′ at room temperature of the polymers decreases in the order of polymer II > polymer III> polymer IV. The lower loss modulus E′, reflects the higher cohesive force existed in the adhesive.
We also did the SEM tests on the adhesion section of glass substrate after lap-shear test, as shown in Figure 4b −e. SEM results displayed the status of the cross-linked adhesive on the substrate after pulling-off. PVP adhesive formed a much more compact film (Figure 4e ) on the glass, indicating that with the increase in polarity, the cross-linked adhesive film became more compact.
■ CONCLUSIONS
In summary, four mussel-inspired adhesives with similar catechol contents and molecular weights but different polymer backbones were synthesized and their underwater adhesion properties were compared. It was disclosed that besides the critical role of catechol moiety, the polarity of the polymer backbone might also contribute to the realization of strong underwater adhesion. It was found that the underwater bonding strength increases with the increase in the amide/lactam bond content on the backbone. Dielectric constant was introduced to evaluate the polarity of the mussel-inspired adhesives, which provides a semiquantitative parameter to correlates the contribution of polymer polarity to the underwater bonding properties. Polymer IV with the PVP backbone, with the highest ε′ value (3.3), exhibits the best underwater adhesion behavior, the underwater bonding strength of which exceeds 1.0 MPa, five times stronger than that of polymer I with polystyrene backbone. DMA results also indicate that with the increase of the polarity of the polymers, the interaction between the polymer chains becomes stronger, which leads to smaller loss modulus E′, smaller peak value of tan δ, and higher T g , and contributes to the improved underwater bonding strength. Although other factors, such as hydrophilic/hydrophobic balance, synergic effect of amino groups are still needed to be considered, our results indicate that the polarity of the polymer backbone is a factor that might be added to the consideration sheets for the design of more effective musselinspired underwater adhesives. While we are preparing this article, we noticed Wilker and co-workers just boosted the underwater bonding strength of polystyrene based adhesive to 3.0 MPa by increasing its molecular weight to 80 kDa. 33 We anticipate that if the molecular weight of the adhesive based on 
